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Abstract 
The aim of this study was to identify cortical areas, which are responsible to perception of sound 
source approaching or withdrawing. Models of moving sound sources were presented to 7 healthy 
subjects while activity of their brain was traced by fMRI. It was found that during long-term 45 s 
sound stimulation additional areas of activation to that in control stimulation with pink noise were 
involved. There were frontal and parietal areas which perform the function of analysis of spatial 
information and also the region of the angular gyrus. Furthermore BOLD-signal in the areas remained 
to be enhanced after the end of adaptation to motion and decayed gradually within 30 s. Pilot 
experiments with use of sound recordings of human steps as auditory stimuli had shown the same 
areas of activation but with much stronger activation. 
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1 Introduction 
The methods of neurovisualization demonstrated both the bilateral activation of the temporal 
cortex and the unilateral activation of the parietal cortex on the right side in response to signals 
simulating the sound source motion in different directions (Pavani, 2002), (Warren, 2002). The 
direction in which sound stimuli move can be decoded in responses of the neuronal ensembles in the 
dorsal parietal-temporal cortex area (Wolbers, 2011), (Alink, 2012). Auditory motion direction could 
not be decoded from activation patterns in hMT/V5+. These findings provide further evidence for the 
planum temporale playing a central role in supporting auditory motion perception. In addition, the data 
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suggest a cross-modal transfer of directional information to high-level visual cortex in healthy 
humans. Auditory adaptation to a sound source motion can cause noticeable changes in the spatial 
perception of subsequent sound stimuli, so called aftereffect. A hypothesis about the role of selective 
motion sensitivity of neural elements in the formation of the auditory motion aftereffect (Dong, 2000) 
suggests the presence of selectivity to motion direction (Warren, 2002). The auditory motion 
aftereffects (aMAE) of sound source upon presentation of approaching and receding sound images - 
signals changed in intensity and frequency, was shown (Malinina, 2012).The aim of the work was to 
identify areas of activation of human brain using functional magnetic resonance imaging (fMRI) 
during and after stimulation of the approaching and receding sound images. 
2 Materials and Methods 
Participants Seven healthy volunteers participated in the fMRI study (age range, 19–43 years; 3 
females). All subjects had normal hearing. All subjects gave their informed consent after being 
introduced to the experimental procedure in accordance with the Declaration of Helsinki. 
Stimuli Auditory stimuli were two sequences of 10 ms sound bursts with 15 ms pauses between 
them. The first sequence modeled sound source approach, it had 30 dB linear increase of the amplitude 
of the bursts and linear decrease of their frequency from 1800 to 1400 Hz, second sequence imitated 
withdrawal of a sound source and had 30 dB linear decrease of the bursts’ amplitude and linear 
increase of frequency from 1400 to 1800 Hz. An unmoving stimulus had constant amplitude and was 6 
s pink noise in the same frequency band. The spectral range of the stimuli was chosen in order to 
diminish an overlapping of spectral regions of the stimuli and the MR tomograph noise. An adaptation 
period lasted 45s, and included seven similar stimuli with 6 s duration, separated by 0.5 s pauses. 
Task—fMRI Experiment The study was performed on MR tomograph Magnetom Verio 3T 
(Siemens, Germany) using a 32-channel MR head coil in two stages: 
1. Collecting of anatomical data with high resolution based on T1-weighted sequence (TR 
1900 ms, TE 2.21 ms, 176 slices, voxel size of 1x1x1 mm3) 
2. Recording data on the basis of functional EPI-sequence (TR 2000 ms, TE 30 ms, 42 
slices, voxel size 2x2x2 mm3). 
The duration of experiment was about 50 minutes, during which the subjects were asked to rest 
with closed eyes. To increase the signal / noise ratio and improve the quality of stimulation compared 
with standard MR-compatible headphones were used optical OptoACTIVE (Israel) one with active 
noise cancellation for stimuli presentation. 
The results were obtained using SPM8 software package (statistical parameter mapping 
http://www.fil.ion.ucl.ac.uk/spm/). It was carried out by combining structural and functional data MNI 
atlas in front of the anterior commissure, and then the data were normalized to the size of a template 
image voxel 2x2x2 mm3. The magnetic field inhomogeneity was corrected for the fMRI data. 
Functional data were co-registered to structural ones (performed their superposition). After the co-
registration in order to remove accidental releases for the functional data a smoothing procedure was 
performed with Gaussian kernel 8x8x8 mm3. 
In order to control stimuli audibility it was decided to compare activity level of the entire period of 
stimulation (45 seconds) and the thirty-second rest period prior to the stimulus using T-statistics. The 
testing was carried out for statistically significant activations in the primary auditory cortex. An 
example of such a map is shown at Figure1. The results of this comparison will be further referred to 
as "control condition".  
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Figure 1: Individual statistical map obtained after the analyses of control condition for pink noise stimuli 
In order to test the hypothesis of the auditory motion aftereffects an analysis was conducted in 
accordance with the first paradigm, which is illustrated in Figure 2. Under this paradigm the two 
conditions were compared: stimulation period + n second (n varied from 10 to 40) after it and 30 s of 
rest prior to the stimulation. Such a comparison is mainly answers the question “what areas were 
activated not only during stimulation, but also after it for time equal to n?”. 
 
Figure 2: Experimental design. n  is time window right after end of the stimulation 
The second paradigm was designed to test the hypothesis of change in the activation of the cerebral 
cortex areas as a manifestation of the auditory motion aftereffect. Since the presence of the active 
regions in the analysis which were shown in the above paradigm (Figure 2) allowed to answer the 
question: "Which areas are activated immediately after the end of the sound stimulation?' Beside 
confirmation of the hypothesis of the auditory aftereffect this paradigm also enabled, as well as the 
previous paradigm, to estimate the time of the aftereffect's decay. Statistically reliable changes of 
activation in the interval of time which followed the stimulation in comparison with the activation in 
stimulation period allowed to assess the dynamics of the auditory aftereffect decay and to determine 
the aMAE duration. 
3 Results 
The presence of activation for all types of stimuli after control condition analyses suggests that the 
sounds were heard by the subjects. At noise stimulation, activation was observed only in the primary 
auditory cortex, whereas for moving stimuli a lot of anatomical regions were activated (Table 1). In 
the course of the analysis the similar anatomical regions were revealed for approaching and 
withdrawing sound images. However, the activity level varied in case of different stimuli. Activation 
in the right hemisphere prevails for both types of stimuli, while under stimulation by withdraw right 
parietal site has a very high expression. Activation observed in the right angular gyrus indicates that in 
addition to auditory cortex areas this multi-sensory region involved in the formation of auditory 
motion. 
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Average number of voxels  
Average MNI 
coordinates, mm 
Pink Noize Approach Withdraw 
Temporal_R 65 171 65 65 -22 3 
Temporal_L 43 83 43 -57 -9 4 
Frontal_R - 283 145 33 54 10 
Frontal_L - 63 32 -10 64 10 
Parietal_R - 53 130 48 -44 60 
Parietal_L - 30 52 -14 78 54 
Table 1: Regions of interest defined as result of stimulus control condition analyses 
Activation changes were observed not only during stimulation but at the moments of auditory 
adaptation. In the case of the moving sound images obtained activations were reveled not only in 
auditory cortex but in frontal and parietal areas. Changing the activation level also revealed not only 
during stimulation, but also after its termination. At the same time its cortex localization remained 
stable in the same regions as in the control condition analyses. Within 30 seconds after the end of 
stimulation number of active voxels not changed much (on average 13%) and then dropped sharply 
(by more than 40%) and left at zero to 60 s. This drop can be represented at the histogram (Figure 3).  
Inasmuch aMAE greatly depends on how close stimuli to the natural it was conducted a pilot 
experiment with stereo recordings of human steps (approach, withdraw). The recordings of human 
steps (approach, withdraw) had similar characteristics of time and intensity. Two persons participated 
in a pilot experiment. 
 
Figure 3: Histogram shows number of significant voxels changes in time after the end of stimulation 
Data analysis revealed the same cortex areas as were described previously for moving sound 
images with the higher reliability level. Individual statistical map obtained after the analyses of control 
condition for approach is shown in Figure 4. 
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Figure 4: Results of GLM (general linear model) based multivoxel pattern analysis. Individual statistics projected 
on a cortical reconstruction of the whole brain of one of the subjects. 
4 Discussion 
Using fMRI there were localized the human cortex areas responsive to radial auditory motion. In 
addition to the auditory areas there were the frontal and parietal areas, which perform the function of 
analysis of spatial information, and also the region of the angular gyrus. These data are important for 
understanding mechanisms of multimodal interactions during motion aftereffects, such as the effect of 
visual adaptation to motion to sound perception (Jain, 2008) and the postural responses to sound 
motion images and adaptation to auditory motion, which was reflected in the slow trend of the center 
of pressure in the direction opposite to the sound movement (Andreeva, 2016). 
Also, pilot experiments with new types of stimuli have been carried out. Instead, the simulated 
sounds were used recorded real ones of approaching / receding steps, and the steps in place. Analysis 
of the data showed a more accurate (with a large value of T-test) and a vast activation region within 
the stimulus control conditions. Also on individual data, it was noted the phenomenon of aMAE. 
Further work will be aimed at increasing the samples and determining the duration of aftereffect 
decay. 
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